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Abstract 
This work was carried out in the frame of the European project InsideFood (Integrated sensing and 
imaging devices for designing, monitoring and controlling microstructure of foods). The aim of this 
project is to provide technological solutions for exploring the microstructure of foods, by the 
development, combination and application of different non destructive techniques: X-ray CT, OCT, 
MRI, NMR, TRS and SRS.  
Nuclear magnetic resonance (NMR) was used in order to detect watercore in three different varieties 
of apples: Ascara2, Rebellón and Tempera. Magnetic resonance imaging (MRI) was used under 
several sequences: 2D T2- weighed sequences, and 3D sequences, proton density and T2- weighed, 
such as Fast Low Angle SHot (FLASH) and COMSPIRA 3D, all of them with varying acquisition times.  
A methabonomic study was made to some of these apples, to obtain a metabolic profile of apples 
affected by watercore, as an indication of the metabolic pathway involved in the disorder.   
Keywords: Non-destructive measurement, fruit, quality, tomography. 
1. INTRODUCTION 
Watercore is a physiological disorder affecting pome fruit in which intercellular air spaces in 
flesh adjacent to vasculature become filled with fluid (Bowen and Watkins 1997; Clark et al. 
1998). Although fruit affected by watercore is susceptible of being consumed, it may develop 
some symptoms that may decrease the quality of the fruit, such as alcoholic flavour, core 
browning or core breakdown. 
For internal quality detection, there are plenty of different technological non destructive 
techniques, such as X-ray CT, OCT, MRI, NMR, TRS and SRS among which MRI is 
specially able to address changes in water mobility. 
The authors of this research provide 15 years experience in the use of MRI for internal 
quality assessment in fruit, yet watercore is a new issue, which will be studied not only by 
MRI but with high resolution NMR (Barreiro et al. 1999; Barreiro et al. 2000; Hernández-
Sánchez et al. 2006; Hernández-Sánchez et al. 2007; Barreiro et al. 2008). 
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2. MATERIALS AND METODS 
2.1. Samples 
191 apples, belonging to three different varieties were selected from Experimental Station of 
AulaDei (CSIC). These three varieties were Ascara2, Rebellón and Tempera, which are not 
commercialized due to their watercore development susceptibility. Fruits were cropped under 
favourable conditions for the development of this disorder. 
All the apples were labelled with a number and a letter, "A", "R" or "T", according to the 
belonging to each variety. 
2.2. Experiments 
Two different types of experiments were carried out. In the first kind, MRI was used in order 
to obtain images of the different apples. In the second one, a metabonomic study was done. 
MRI experiments were performed on a Bruker BIOSPEC 47/40 (Ettlingen, Germany) 
spectrometer operating at 200 MHz. All experiments were performed with an actively 
shielded imaging gradient set and a RF volume coil with an inner diameter of 20 cm. 
Metabonomic experiments were performed on a Bruker AMX operating at 500 MHz. 
2.2.1. MRI experiments 
Two different kinds of MRI experiments were made. The first one, was a 2D T2-weighed 
sequences, targeted at doing a screening on all the apples and to obtain all the images for a 
visual inspection. Coronal images (x-z plane) were obtained from apples placed with their 
central axis along the y-axis of the magnet. The MRI sequence parameters were: recovery 
time (TR) 511 ms, echo time (TE) 15 ms. The Field of View (FOV) and the slice thickness 
used were 8 × 8 cm and 3 mm respectively. Images were collected with 256 × 128 
acquisition matrix sizes. The total acquisition time was 2 m 2 s. All these parameters were 
constant along all the experiment. 
From these set of data, all the apples were classified on four groups: sound, early stage 
disorder, light and strong watercore. Some of the apples were taken to Belgium for 
performing X-Ray CT experiments. From the rest of them, seven apples were selected in 
order to apply other experiments, such as 3D MRI sequences and metabonomic studies.  
The second kind of experiments were 3D sequences applied to five from the seven 
previously selected apples. These sequences were Fast Low Angle Shot (FLASH) at 
different acquisition times, Fast Imaging with Steady state precession (FISP) and COMbined 
SPIral and Radial (COMSPIRA), all with different parameters (Table 1). 
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Table 1. MRI parameters used on the different 3D sequences 
Experiment 
name TR TE FA FOV (cm) Matrix 
Matrix 
Reconstructed 
Total 
acquisition 
time 
FLASH T2 3D 
6.75 ms 2 ms 8 deg 7/7/7 128/32/32 128/128/128 14 s 
6.80 ms 2 ms 8 deg 7/7/7 64/16/16 128/128/128 5 s 
6,80 ms 2 ms 8 deg 7/7/7 128/9/9 128/128/128 2 s 
FISP 3D 
1.5 ms 1.5 ms 10 deg 7.2/7.2/7.2 128/64/64 128/128/128 13.25 s 
3 ms 1.5 ms 10 deg 7.2/7.2/7.2 32/32/16 128/128/128 888 ms 
3 ms 1.5 ms 10 deg 7.2/7.2/7.2 32/32/8 128/128/128 444 ms 
COMSPIRA 3D    8/8/8 128/12910/1 128/128/128 1h 30 min 
   8/8/8 126/1088/1 64/64/16 109 s 
  
This kind of experiments were made in order to prove if there was possible to obtain high 
quality images in short time. 
2.2.2. HR-MAS study 
A metabonomic study was performed with High Resolution-Magic Angle Spinning (HR-MAS) 
technique on five of the apples previously selected from MRI. 
These apples belonged to either of the four groups, listed above: 4R (from Rebellón variey) 
belonging to the sound group, 68A (from Ascara2 variety) belonging to the sound group, 21R 
(from Rebellón variety) belonging to the early stage watercore group, 52A (from Ascara2 
variety), belonging to the light watercore group, and 9T (from Tempera variety) belonging to 
the strong watercore group. 
Several tissue samples were taken from different parts of each apple. For sound apples, only 
three samples were chosen: one from the core, another one from the centre of the mesocarp 
and the third one corresponding to the outer part of the mesocarp. For the affected apples, 
six samples were taken, three from the core, two from the centre of the mesocarp and one 
from the outer part of the mesocarp (Figure 1). 
 
Figure 1. Samples taken for metabonomic studies. A. Three samples obtained from sound apple. B. Six 
samples taken from watercore apple. 
The samples were included in 50 µl rotors, without washing them. The spectrometer was 
locked and the temperature was calibrated at spinning conditions. 
2.3. Image processing and data analysis 
Image processing was carried out on the 2D MRI images with a histogram-based method , 
using the software Matlab, version 7.0. The 3D MRI images were only visually categorized to 
check whether it was possible to have high quality 3D images in very low acquisition times. 
HR-MAS data processing was made by Bruker with AMIX software. 
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As a first step, an algorithm was developed in order to read the MRI data and images. Then, 
these images, which had a 16 bits resolution, were transformed into 8 bits resolution in order 
to allow standard image analysis algorithms. 
Extracted histograms the images were analyzed later by means of a Principal Component 
Analysis (PCA). 
Due to the wide number of samples (179 apples) and to the purpose of outstanding 
information extraction, a non supervised variable analysis has been performed. PCA has 
been carried out in order to decrease the number of variables (in this particular case were 
the gray levels in the image histogram) without the loss of information. Each Principal 
Component (PC) is a linear index that correlates with limited regions in the histogram. The 
complete set of PCs refers to a new discrete dimension which goes from relevancy (high 
amount of explained variance) to subliminality (low amount information), which increases 
with the decreasing PC order for such PC. 
Analysis of Variance (ANOVA) was performed in order to compare all the histograms images 
(Hernández-Sánchez,Barreiro et al. 2006). The aim of this analysis is to check whether there 
are significant differences between different groups. 
After this, a MANOVA analysis was performed in the PC that had more information in order 
to compare them and also a manovacluster was made in order to show the group mean 
clusters after MANOVA. 
3. RESULTS AND DISCUSSION 
3.1. MRI experiments 
3.1.1. 2D experiments 
A visual inspection of all the apples was made after cutting them and apples affected by 
watercore were confirmed. Some of them presented also other bad storage effects. RGB 
images were taken and some .avi videos were made with RGB images and with MRI images. 
The steps followed can be seen in Figure 2. 
 
 
 
Figure 2. Steps followed in MRI image analysis 
From 188 images, 9 were outtaken due to its poor quality and thus 179 images were used. 
Histograms set of the 8 byte images were obtained, with 255 gray levels (Figure 3). Level 0 
and level 255 were removed. 
 
188 samples 
(apples) 
Histogram obtention 
(Z253) 
PCA 
(R20)
ANOVA 
(R4)
MANOVA 
(R2) 
Canonical 
analysis
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Figure 3. MRI images and its histograms of apples  affected by watercore at different stages. A. Sound 
Apple. B. Early Stage. C. Light Watercore. D. Strong Watercore. 
This histograms set has been analysed by Principal Component Analysis (PCA) in order to 
reduce 253 integer dimension (that correspond to gray levels) to a few real variables (Figure 
4). In this particular case, 20 real numbers (which correspond to 20 variables or Principal 
Componentes) were chosen, as they had 99,99% of explained variance. 
 
Figure 4. PC1 against PC2 with 99.99% of explained variance. 
Several apples revealed to be similar, due to the fact of being grouped in the same region. 
Nevertheless, some seem to be different as they are separated from the rest. However, after 
analysing each separated apple results show that some of the ones classified as sound 
appeared separated from the main group as well. 
For solving this and in order to see whether there exists a significant differences between 
groups, Analysis of Variance (ANOVA) was performed, based on the 20 Principal 
Components obtained for comparison between the image features and significant differences 
appeared between the four groups: sound fruits, early stage watercore fruits, light watercore 
fruits and strong watercore ones (Figure 5). 
PC1(85.79%)  
PC2 (94.29%) 
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Figure 5. ANOVA analysis. Significant differences between groups. X1=1: sound apples. X1=2: early stage 
watercore apples. X1=3: light watercore apples. X1=4: strong watercore apples. 
After analysing ANOVA results it was seen that only 4 of the 20 Principal Components 
presented significant relevance (only PC1, PC2, PC3 and PC6). The rest of them only 
seemed to have non relevant information or noise. 
MANOVA analysis was performed in the 4 interesting PC in order to compare their 
multivariate means. After applying a scatter plotting, it can be seen that group 4 is separated 
from the other three. Some individuals from group 3 are separated and some are in the mean 
(Figure 6). 
 
Figure 6. PC1 and PC2 canonical distance scattered by groups 
 
 
As it can be seen, MANOVA cluster analysis confirmed that the apples could be separated 
into 4 groups (Figure 7) but it seems that maybe only three groups would have been enough.  
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Figure 7. Dendrogram obtained by MANOVA cluster. 
 
3.1.2. 3D-experiments 
3D experiments data have not been analysed yet, but some conclusions can be reached 
from the 3D images. 
Flash T2 3D were taken successfully and also the quality seemed to be adapted to the 
expectations. However, satisfactory quality images were taken with less acquisition with 
FISP 3D sequences, having suitable images in 888 ms. At 444 ms images are better than 
expected, but it seems to be not satisfactory enough for watercore detection. 
COMSPIRA sequences waere used as 2D in previous works (Barreiro,Zheng et al. 2008), 
with successful results. Even so, 3D sequences were not as expected. Image quality was not 
good, even trying long acquisition times (1 hour, 30 minutes). 
3.1.3. HR-MAS study 
A PCA was made to HR-MAS data. Remarkable information was obtain from PC1 (83.14% 
of variance explained) and PC2 (10.46% of variance explained). 
The number of spectra used was 24 and the number of buckets 47 (Figure 8, Figure 9).  
 
Figure 8. Metabonomic spectra obtained from a light watercore apple 
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Figure 9. Sucrose, α-glucose, β-glucose and Malic acid spectra obtained from light watercore apple 
As it can be seen, sugars and malic acid spectra, are different depending on the part of the 
apple that the sample was taken from. 
4. CONCLUSIONS 
After statistical analysis in MRI 2-D sequences it can be said that the division by visu after 
MRI screening was satisfactory, nevertheless not 100% of the apples were good classified. 
Anyway, by ANOVA analysis variance between groups significative differences among them 
were showed in PC1, PC2, PC3 and PC6. Also, MANOVA cluster analysis showed that 
maybe the division could be have been made in only three groups. 
3-D rapid sequences may be successful, but more studies should be made in order to assure 
what would be the best sequence to use. Anyway, it is proved that COMSPIRA sequences 
are not optimal for watercore detection due to its bad 3D quality. 
Further research is to take place on metabonomics in order to get a better understanding on 
the elucidation of watercore. 
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